▪ Nichtkontrastmittelverstärkte Charakterisierungsquotienten bieten einen schnellen und pragmatischen Ansatz für die Beurteilung pulmonaler Herde in hämatologischen Patientinnen und Patienten. ▪ Die diagnostische Leistung von nichtkontrastmittelverstärkten Charakterisierungsquotienten ist angemessen, um infektiöse und pilzpneumonische Infiltrate von Lymphom-Manifestationen zu unterscheiden. ▪ Nichtkontrastmittelverstärkte Charakterisierungsquotienten zeigen eine gute bis exzellente Intra-und Interrater-Reliabilität.
Introduction
The differential diagnosis of pulmonary findings can be a challenge for radiologists in hematological patients, especially when the distinction between an infection and pulmonary involvement of an underlying disease is required [1] . Morphologic features, such as the halo sign in invasive bronchopulmonary aspergillosis on computed tomography scans, can be of help, but are nonspecific [2, 3] . In addition, the results of other diagnostic procedures, such as the galactomannan test, may also be inconclusive. In a study by Cao et al., for instance, this test identified only 73.5 % of patients with aspergillosis [4] . If the diagnosis remains unclear, appropriate treatment may be delayed, which is known to be associated with higher morbidity and mortality in the case of fungal infections [5, 6] . To establish the correct diagnosis, invasive diagnostic procedures such as bronchoscopic sampling may become necessary [7] . Taking these considerations into account, a fast and noninvasive diagnostic approach that helps in the diagnostic workup of unclear cases is desirable.
Magnetic resonance imaging (MRI) provides excellent soft-tissue contrast and different studies using either diffusion-weighted imaging (DWI) or dynamic contrast-enhanced imaging (DCE) showed that it can help to differentiate between benign and malignant pulmonary nodules [8] [9] [10] [11] . However, these methods may not be suitable for patients who do not tolerate long examination times or who cannot receive intravenous contrast medium. Against this background, encouraging results have been obtained in a study using T1-and T2-weighted images acquired with a fast MRI protocol at 3 T and defining scaled signal intensities as nonenhanced imaging characterization quotients (NICQs) [12] : combining T2-NICQ 90th with T1-Q mean yielded 77 % sensitivity and 95 % specificity to differentiate benign and malignant pulmonary nodules. The advantage of this approach lies in its simplicity, both in terms of image acquisition and image analysis. To the best of our knowledge, NICQs have not been assessed in a larger collective of hematological patients.
The aim of the present study was therefore twofold: first, to assess the diagnostic performance of NICQs in differentiating bac-terial and fungal infections from lymphoma manifestations in hematological patients and, second, to assess the reliability of NICQs in this setting.
Patients and Methods

Patients
The local ethics committee approved this prospective study (EA4/017/14). Written consent was obtained from all participants. The inclusion criterion was the presence of at least one solid pulmonary lesion in a recent, clinically indicated chest X-ray or computed tomography (CT) scan. Patients with general contraindications to MRI were excluded.
The EORTC/MSG diagnostic criteria [13] served as the standard of reference in fungal infections (at least "probable"), histopathologic proof in lymphomas. Response clearly attributable to treatment was considered the standard of reference if the aforementioned information was not available.
MRI technique
All MRI examinations were performed on a 3 T MRI scanner (Magnetom Skyra, Siemens Healthineers, Erlangen, Germany) using a scan time-optimized protocol by Nagel et al. that was already successfully tested in a similar setting [12, 14] and originally derived from Biederer et al. and Attenberger et al. [15, 16] . The following three sequences were acquired with a surface coil positioned on the chest: axial and coronal T2-weighted (T2w) single-shot fast spin echo sequences (TR/TE 500/27, flip angle 160, matrix 256 × 320, slice 5 mm) and axial T1-weighted (T1w) gradient echo sequences (TR/TE 5.39/2.04, flip angle 9, matrix 180 × 320, slice 3 mm), all using multiple breath-hold regimens.
Image analysis
All images were read independently by two radiologists with different levels of experience (S.N. with > 7 years and T.W. with 1 year of MRI experience) and blinded to the clinical data. Regions of interest (ROIs) were drawn in the lesion, muscle, and fat on T2w images and in the lesion and muscle on T1w images using 3D Slicer (Version 4.8.1) [17] . The ROI within the lesion was drawn while omitting vessels and bronchi and with a distance of approx. 1-2 pixels from the edge in relation to the resolution of the MR images. At least one representative layer was chosen for the ROI, but if the lesion was well visible on multiple layers, then also multiple ROIs were allowed. Only ROIs with at least 10 voxels were considered for the final analysis. The ROIs in muscle and fat were placed as close as possible to the lesion and preferably at the same height in the phase-encoding direction. A sample set of ROIs is shown in ▶ Fig. 1 .
To test for interrater reliability, S.N. and T.W. both read all datasets; to test for intrarater reliability, T.W. repeated the reading of the datasets from the first 19 consecutive patients. Details of the location of the lesions were available to correlate repeated readings.
Statistical analysis
Scaled signal intensities, defined as T2-NICQ mean and T2-NICQ 90th , were calculated for T2w images ((SI Lesion -SI Muscle )/(SI Fat -SI Muscle ) * 100) and as a simple quotient, T1-Q mean , for T1w images (SI Lesion /SI-Muscle ) [12, 18] ; calculations were done using the mean and 90 th percentile of signal intensity within the lesion for T2-NICQ mean and T2-NICQ 90th , respectively.
Categorical parameters are given as frequencies. All metric data were tested for normal distribution using the Shapiro-Wilk test. For normally distributed data, descriptive statistics are given as mean and standard deviation. If no normal distribution was found, the median and interquartile range are provided.
Statistical testing included the Kruskal-Wallis or Mann-Whitney U-test, receiver operating characteristic (ROC) analysis, and calculation of intraclass correlation coefficients (ICCs). Unless otherwise stated, results are given on a per-lesion basis. Statistical analysis was done using R (Version 3.5.1) [19] or SPSS (SPSS Statistics, Version 25.0, IBM Corp., Armonk, NY, USA).
Results
A total of 83 lesions in 45 consecutive hematological patients with pulmonary nodules or masses diagnosed by routine clinical imaging were included in this study (24- 16 female; 14 cases of acute myeloid leukemia, 4 cases of acute lymphocytic leukemia, 3 cases of chronic lymphocytic leukemia, 14 cases of B-cell non-Hodgkin lymphoma, 2 cases of T-cell non-Hodgkin lymphoma, 7 cases of Hodgkin lymphoma, 1 case of severe anaplastic anemia). Imaging was performed because of suspected pulmonary infection in all cases. Except for two patients with bacterial pneumonia, all others had received a CT scan prior to the MRI examination (interval between imaging: 0-4 days, median 2 days).
Two patients with fungal pneumonia were not scanned because of their poor general condition. Two patients had to be excluded from the image analysis because of poor image quality: one patient with bacterial pneumonia and motion artifacts due to dyspnea and one patient with pulmonary lymphoma and unresolvable zipper artifacts. Two further patients were excluded from the analysis because the pulmonary findings could not be clearly attributed to the underlying lymphoma or an infection. Details are presented as a flowchart in ▶ Fig. 2 .
Lesion analysis
Data were not normally distributed. Median values of T1-Q mean and T2-NICQ mean differed significantly between the entities that were evaluated (p < 0.05). Median values of T2-NICQ 90th were close to statistical significance (p = 0.054). Results are summarized in ▶ Table 1 and presented as boxplots in ▶ Fig. 3a-c .
In the analysis of infectious lesions in general vs. lymphoma manifestations, the median values differed significantly for T2-NICQ mean and T2-NICQ 90th , but not for T1-Q mean . For bacterial pneumonias vs. lymphoma manifestations, the median values differed significantly for T2-NICQ mean and T2-NICQ 90th , but not for T1-Q mean . On the per-patient level, the median values differed significantly for T2-NICQ 90th only. For fungal lesions vs. lymphoma manifestations, the median values differed significantly for T1-Q mean and T2-NICQ mean , but not for T2-NICQ 90th . On the per-patient level, the median values differed significantly for T2-NICQ mean and T2-NICQ 90th , but no longer for T1-Q mean . Details are provided in ▶ Table 1 .
T2-NICQ mean and T2-NICQ 90th showed the best areas under the curve (AUCs) for comparing infectious and fungal lesions vs. lymphoma manifestations. When comparing the per-lesion and the per-patient analysis, the results for T1-Q mean differed only slightly while the AUCs of T2-NICQ mean and T2-NICQ 90th clearly increased on the per-patient level. A summary of the analysis is provided in ▶ Table 2 .
Inter-and intrarater reliability
The interrater reliability was consistently excellent (ICC above 0.94). The intrarater reliability in general was lower, especially for T2-NICQs (T2-NICQ mean 0.85, T2-NICQ 90th 0.79). However, the results were still good. Detailed results are compiled in ▶ Table 3 .
Discussion
The current data confirm that NICQs are suitable parameters for differentiating infections from lymphoma manifestations, as already suggested by the preliminary results by Nagel et al. [12] . Moreover, T1-Q mean , T2-NICQ mean , and T2-NICQ 90th show almost consistently excellent inter-and intrarater reliability.
The results underline that especially T2-NICQ mean and T2-NICQ 90th can be of help in distinguishing infectious lesions in general or fungal infiltrates in particular from pulmonary lymphoma manifestations. If findings still remain unclear, the quotients at least may help in the workup by providing early guidance for further diagnostics. Of note again is the simplicity of the approach, using fast standard sequences and easy to calculate parameters in the image assessment. The total scan time of approx. 12 minutes makes the protocol suitable for imaging critically ill patients [14] .
Compared to a previous study in 29 patients that considered infectious vs. various malignant pulmonary nodules in general [12] , the AUC of T1-Q mean , T2-NICQ mean , and T2-NICQ 90th on a per-lesion basis is lower in the present study when considering infections vs. lymphoma manifestations (T1-Q mean 0.62 vs. 0.72, T2-NICQ mean 0.66 vs. 0,73, T2-NICQ 90th 0.65 vs. 0.82). Nevertheless, regarding the critical issue of discriminating infections from pulmonary lymphoma manifestations in hematological patients, T2-NICQ mean and T2-NICQ 90th showed promising results with an AUC of up to 0.76 with a specificity of up to 1.0 on a per-patient basis. Thus, the present findings confirm adequate diagnostic performance. It has to be noted that the number of lesions and patients evaluated mostly exceeds the numbers described in imaging-based thoracic diagnostic studies using MRI [8] [9] [10] [11] .
The concept of scaled signal intensities in MRI in general seems promising in the evaluation of pulmonary nodules. For example, ▶ Fig. 2 Flowchart of patients considered in this study. A total of 6 patients could not be included in the final analysis, with only two not being able to be examined due to their poor general condition.
▶ Abb. 2 Flussdiagramm der in dieser Studie betrachteten Patienten. Insgesamt 6 Patienten konnten nicht in die Analyse einbezogen werden, von denen nur 2 aufgrund ihres schlechten Allgemeinzustandes nicht untersucht werden konnten. T1 and T2 values normalized to muscles correlated significantly with the standard uptake values (SUV) from PET/CT images in a study by Koo et al. that considered the differentiation of benign and malignant nodules [20] . In another study by Li et al., the qualitative assessment of the T1 and T2 signal intensity of nodules in relation to muscle and fat was used in the follow-up after cryoablation of lung tumors [21] .
Future research might focus on the use of diffusion-weighted imaging (DWI), as it has been shown to be helpful in differentiating benign from malignant lesions in various studies [8, 9, [22] [23] [24] [25] [26] . Although this would prolong scanning time contrary to the concept of a strongly speed-optimized protocol, DWI also does not need iv contrast agents. Combining T1-Q mean and T2-NICQs with DWI should therefore be evaluated, especially when motion correction for free-breathing acquisition is available to image critically ill patients.
The second aim of our study was to assess the reliability of NICQ measurement as a diagnostic tool. The intra-and interrater reliability was good to excellent with T1-Q mean consistently showing the best results. Data on the inter-and intraobserver variability of NICQs have not been published before, so we can only speculate why ICCs are highest for T1-based measurement. One possible reason is that only two measurements are required and errors arising from a third measurement are avoided. In addition, a signal loss towards the center of the image was observed especially in T2w images. A possible explanation for this could be the use of surface coils and differences in the MR sequences: Gradient echo sequences are less susceptible to B1 inhomogeneities than fast spin echo sequences, which becomes more apparent at higher field strengths [27] .
Thus, the obtained T1w images seem to provide more flexibility with respect to placing the ROI, which is represented by a ▶ Fig. 3 Boxplots comparing the signal intensity quotients T1-Q mean A, T2-NICQ mean B, and T2-NICQ 90th C. Infectious lesions in general and fungal infiltrates in particular were found to have higher T2 and lower T1 signal intensities. T2-NICQ mean and T2-NICQ 90th ((SI Lesion -SI Muscle )/(SI Fat -SI Muscle ) * 100); T1-Q mean (SI Lesion /SI Muscle ).
▶ Abb. 3 Gegenüberstellung der Signalintensitätsquotienten A) T1-Q mean , B T2-NICQ mean und C T2-NICQ 90th . Infektiöse Läsionen im Allgemeinen und Pilzinfiltrate im Besonderen zeigten höhere T2-und niedrigere T1-Signalintensitäten im Vergleich zu pulmonalen Lymphom-Manifestationen. T2-NICQ mean und T2-NICQ 90th ((SI Läsion -SI Muskulatur )/(SI Fettgewebe -SI Muskulatur ) * 100); T1-Q mean (SI Läsion -SI Muskulatur ).
▶ In general, the use of a higher field strength when scanning the lung may lead to susceptibility effects at air-tissue interfaces [28] . In this regard, Fink et al. could show that the imaging characteristics did not substantially differ between 1.5 T and 3 T and furthermore, a better spatial resolution and a higher signal-to-noise and contrast-to-noise ratio can be expected [29] . The latter can be seen as a major advantage of higher field strengths, as the amount of protons to produce a signal is relatively low in the lungs [28] .
Interestingly, the intrarater agreement was slightly inferior to the interrater agreement. A possible explanation may be the lower experience level of the second reader. Nevertheless, also the less experienced radiologist achieved at least good agreement in repeated measurements. Data on the inter-and intrarater variability of scaled signal intensity are currently not available. Theoretically, the inter-and intrarater variability might be enhanced by the use of mapping techniques, which would overcome the use of scaling regions [30] . However, using mapping techniques in a pulmonary setting might be limited by breathing artifacts resulting from the need to acquire different echo times for one image.
This study has some limitations. First, histopathologic proof was not available in all patients. Thus, clinical response to treatment was the only standard of reference available in some cases. We tried to compensate for this drawback by only including patients in whom the therapeutic response could be clearly attributed to the initiation of a new medication. Second, imaging quotients were evaluated without further consideration of clinical information. Taking additional data into account, e. g., laboratory results, may further enhance overall diagnostic performance. Thirdly, no follow-up studies were considered, although these are helpful in assessing pulmonary changes, especially infections. In addition, repeated scans in general could be one major strength of pulmonary MRI, as they do not require ionizing radiation.
In conclusion, the overall diagnostic performance of T2-NICQs is adequate for differentiating infectious and fungal lesions from lymphoma manifestations. Results further show good to excellent intra-and interrater agreement. We therefore consider NICQs helpful in the diagnostic workup of pulmonary nodules in hematological patients.
CLINICAL RELEVANCE OF THE STUDY
▪ Pulmonary MRI provides a noninvasive method for assessing pulmonary lesions in hematological patients by calculating Non-enhanced Imaging Characterization Quotients (NICQs). ▪ The quotients represent a pragmatic approach, as they are based on fast standard MRI sequences, do not require iv contrast and are easily calculated. ▪ With this simple approach, the quotients provide adequate diagnostic performance and good to excellent reliability. 
